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[57] ABSTRACT |
A ROM circuit (10) includes a plurality of multi-bit
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memory storage transistors (22, 24, 26, 28, 29) and refer-
ence transistors (40, 42 and 44) all connected along a
word line (16). Each of the storage transistors is pro-
vided with bit (18) and column (20) lines for activating
a specific memory storage transistor and transmitting
the data state thereof to sensing circuitry. A step con-
trol signal is transmitted through a control line (80) and
applied to a selected one of the memory storage transis-
tors and to each of the reference transistors (40, 42 and
44) on a selected word line (16). The step control signal
is sequentially decreased in voltage to apply a progres-
sively increasing gate-to-source voltage to each of the
reference transistors (40, 42 and 44) and to a selected
one of the memory storage transistors (26). The refer-
ence transistors (40, 42, and 44) are sequentially turned
on by the increasing gate-to-source bias generated by
the step control signal. The steps of the step control
signal are generated 1n response to the turn on of the
reference transistors (40, 42 and 44). The selected mem-
ory storage transistor (26) is turned on when the gate-
to-source voltage of the transistor (26) is reached. At
the time that the memory storage transistor (26) is
turned on the condition of the reference transistors (40,
42 and 44) is latched to determine the voltage threshold
level of the selected memory storage transistor (26).
The latched conditions of the reference transistors (40,
42 and 44) are then decoded to produce the appropriate
output signals corresponding to the data state fabricated
into the selected memory storage transistor (26).

22 Claims, 9 Drawing Figures

LISI Y

—

STATE | OUTPUT |

DECODE]
R ZE o .

.. L} .
- — STATE } QUTPUT 2
DECODH] |

152



U.S. Patent Jun. 14, 1983 Sheet 1 of 3 - 4,388,702

STPI N

STP i STP

160 /168

w/L 62

' w/L—]

L F1G. 26

VOLTS |

TIE FlG.2a



‘U.S. Patent  jun. 14,1983  Sheet 2 of 3 4,388,702

176
Vee
STATE4
L1S3
174
STP
WL FIG 2c
e STP3
> TIME -
184 190 196
180/ 186/ 192
VR p Y e S S G
TN N
: IR
TIME l | : | : ST4
FIG 3 160 66| |i72| /76
- STATE ] sT2l  |lsT3
Vee 162 168 | 174
200 l___l .~ 210 LISI  LIS2  LIS3
V V
] 2l cC ce
206 202 |€90¢ | 208
/ ""—‘I / VTZ VT3 —<.IS|
VT3 V2 {
80 80
' | \ | —r'STP
LIS2 > | 80
e, b
- 212
LISE 2 ' 214 216



U.S. Patent jun. 14,1983 Sheet 3 of 3 4,388,702

211 STPI

- STP3
STATE STATE
260
LISI '
140
LiS| L
140 262
L1S2 - -

- OUTPUT 1|

IIID :
_ Lis2- JCLK Q) L2

146 -
L1S3 . L3 ' - OUTPUT 2 ] 264
252 f

- _ ;
- .250 . LIS3 JCLK ’
FIG. 6

LS

FI1G. 7



4,388,702

1
MULTI-BIT READ ONLY MEMORY CIRCUIT

TECHNICAL FIELD

This invention relates to semiconductor memories,
and more particularly to a multi-bit read only memory
circuit. - |

RELATED APPLICATION

This application includes similar subject matter to
copending U.S. application Ser. No. 295,144 filed Aug.
21, 1981 which is assigned to the assignee of the present
application. | |

BACKGROUND ART

Large scale integration techniques have brought:

about the construction of large arrays of binary storage
elements on a single chip of silicon. These storage cells,

typically using MOS technology, consist of multi-com-

ponent circuits in a conventional bistable configuration.
There are numerous advantages of such semiconductor
storage devices including high packing density and low
power requirements of such memory cells. =

With the advancement of semiconductor technology,
there has been a need to increase the number of data bits
stored per unit area on the semiconductor chip. The

increased storage capacity decreases the cost of manu-
facture of a semiconductor memory. In the course of

the evolution of the semiconductor industry, the tech-
nique of ion implantation into the channel region of a
field-effect transistor device has been developed to ad-
just the threshold voltage for the device so that the gate
voltage at which the device will switch can be custom-
1zed. With the use of ion implantation, memory cells
have been developed which utilize field-effect transis-
tors having different threshold voltages for multi-bit
data storage. These field-effect transistors require sens-
ing circuitry for determining the threshold voltage for
each memory cells. Multi-bit field-effect transistors and

~one such sensing scheme is described in U.S. Pat. No.

4,202,044 issued to Beilstein, Jr. et al on May 6, 1980 and
entitled “Quaternary FET Read Only Memory”.

A need has thus arisen for a multi-bit read only mem-
ory circuit for use with read only memory storage de-
vices utilizing multi-level ion implantation to set multi-

level threshold voltage levels in the storage devices.

Such a circuit must be simple in construction, operate at
maximum speed and complement the advantages of
multi-bit read only memory cells.

DISCLOSURE OF THE INVENTION
A selected embodiment of the present invention is a
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read only memory (ROM) circuit which includes a

word line and a plurality of storage transistors having
the control terminals thereof connected to the word
line. Each of the storage transistors has one of a plural-
ity of threshold voltages wherein the threshold voltages
correspond to respective predetermined data states.
The circuit includes a plurality of reference transistors
having the control terminals thereof connected to the
word line. Each of the reference transistors is fabricated
to have one of the threshold voltages. Circuit means are
provided for driving each of the transistors to an initial
condition. A step function generator is provided for
generating a control signal which is applied to each of
the transistors for sequentially driving a plurality of the
transistors from the initial condition to a final condition
in an order corresponding to the threshold voltages of
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the transistors. Circuitry is provided for determining
the condition, initial or final, of the reference transistors
when a selected one of the storage transistors is driven
from the initial condition to the final condition. Further
circuitry is provided for decoding the condition, initial
or final, determined for the reference transistors when
the selected storage transistor is driven to the final con-
dition to generate an output signal corresponding to the
data state of the selected storage transistor.

In accordance with a further aspect of the present
invention the control signal is generated as a function in
the change of conditions of the reference transistors.
This feedback action provides maximum operating
speed for the circuit while insuring that a complete

transition is made for each of the threshold voltage
levels. |

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention and for further advantages thereof, reference
will now be made to the following Detailed Description
taken in conjunction with the accompanying Drawings
in which: | -

FIG. 1 is a schematic circuit diagram of the present
multi-bit read only memory circuit:

F1GS. 2a-2¢ show signal waveforms which illustrate
the operation of the present read only memory circuit;

FIG. 3 shows further signal waveforms which illus-
trate the operation of the present read only memory
circuit; | | |

FIG. 4 is a schematic circuit diagram of a step func-
tion generator utilized with the present multi-bit read
only memory circuit; |

FIG. 5 shows signal waveforms which illustrate the
operation of the step function generator; |

FIG. 6 is a logic diagram of latch and decode circuits
shown in FIG. 1; and

FIG. 7 is an alternate logic diagram of latch circuits
shown in FIG. 1.

DETAILED DESCRIPTION

Referring to FIG. 1, the read only memory (ROM)
circuit of the present invention is illustrated and is gen-
erally identified by the numeral 10. Circuit 10 as illus-
trated in FIG. 1 is only a portion of an array of numer-
ous such ROM memory circuits arranged in rows and
columns in a conventional manner to form a read only
memory. The ROM thereby formed using the present
circuit 10 may be fabricated on a single semiconductor

“chip and is primarily intended for such fabrication using

metal-oxide-semiconductor (MOS) technology. .
When arranged in an array of memory cells, the
memory cells are disposed in rows. One such row is
generally identified by the numeral 12 in FIG. 1. The
three dots identified by the numeral 14 indicate that
there are a plurality of other such rows 12 within the
read only memory; however, such rows are not shown
for clarity of illustration. Associated with each row 12
1s a word line 16 (W/L) utilized to enable all memory
cells in the row 12 of the read only memory. The mem-
ory cells of the read only memory are disposed in col-
umns and connected between column line 18 and bit
lines 19, 20 and 21. |
Connected to word line 16 are memory storage tran-
sistors 22, 24, 26, 28 and 29 each having gate, drain and
source terminals and each forming a storage cell. Mem-
ory storage transistors 22, 24, 26, 28 and 29 are represen-
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tative of numerous other such memory storage transis-
tors connected to word line 16 and may total, for exam-
ple, 256 memory cells. The gate terminals of memory
storage transistors 22, 24, 26, 28 and 29 are each con-
nected to word line 16. -

For purposes of discussion herein, reference will be
made to memory storage transistor 26 only, it being

understood that each of the memory storage transistors
disposed along word line 16 is similarly interconnected

between a column line such as 18 and a bit such as line
20. The source terminal of memory storage transistor 26
is connected to column line 18 which provides a virtual
ground voltage potential for memory storage transistor
26. The drain terminal of memory storage transistor 26
is connected to bit line 20 which transmits the data state

10

15

from memory storage transistor 26. Column lines and

bit lines alternate throughout the read only memory in
which circuit 10 is utilized. | |

- Each of memory storage transistors 22, 24, 26, 28 and
29 is capable of having any one of a plurality of ion
implantations to establish threshold voltage levels of,
for example, 0.5, 1.5, 3 and 8 volts. Each memory cell of
the ROM therefore has the capability of storing multi-
level or multi-bit data within a single memory cell. In
the described embodiment each storage transistor stores
two bits of data by having one of four possible threshold
voltages.

20

25

Circuit 10 includes reference transmtors 40, 42 and 44 |

each having gate, source and drain terminals. The refer-
ence transistors are utilized for determining the thresh-
old voltage level stored within the memory cells formed

30

by memory storage transistors 22, 24, 26, 28 and 29.

Reference transistors 40, 42 and 44 are provided for
each word line 16 of the ROM and are disposed at the
end of word line 16 opposite the input end from which
memory storage transistors 22, 24, 26 and 28 are located
for the illustrated embodiment. '

35

The gate terminals of reference transistors 40 42and

44 are each connected to word line 16. The source
terminal of reference transistor 40 is connected to a
column line 50 which provides a virtual ground poten-
tial for reference transistor 40. The drain terminal of
reference transistor 40 is connected to a bit line 52
which provides a reference data 1 (RD 1) output signal
from reference transistor 40. The drain terminal of ref-
erence transistor 42 is connected to a bit line 54 which
generates an RD 2 output signal. The drain terminal of
reference transistor 44 is connected to a bif line 56
which provides an RD 3 output signal. The source
terminals of reference transistors 42 and 44 are intercon-
nected to a common column line 58 which provides a
virtual ground potential for reference transistors 42 and
44. The threshold voltage levels of reference transistors
40, 42 and 44 may be established at, for example, 0.5, 1.5
and 3 volts, respectively. | )

A voltage supply, V., supplies a voltage to column
line 18 through a precharge transistor 62; to bit line 20
through a precharge transistor 64; to column line 19
through a precharge transistor 65; to column line 50
through a precharge transistor 66; to bit line 52 through
a precharge transistor 68; to bit line 54 through a pre-
charge transistor 70; to column line 58 through a pre-
charge transistor 72; and to bit line 56 through a pre-
charge transistor 74. Precharge transistors 62, 64, 65, 66,
68, 70, 72 and 74, which are lightly depleted devices,
receive a precharge (PC) signal through a line 75 for
precharging the respective column and bit lines to a
preselected voltage of V.
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The virtual ground voltage potential for column lines
18, 50 and 58 is generated by a step voltage function
(STP) control signal applied via a control line 80. Col-
umn line 18 is pulled to the voltage level on control line
80 through actuation of a column select transistor 82.
Transistor 82 is actuated by a column decode (CD)
signal derived from decoding a memory address signal.
After the CD signal goes from a low voltage to a high
voltage, the virtual ground voltage potential of the step
function control signal via control line 80 s applied to
column line 18 for the selected memory storage transis-
tor, such as memory storage transistor 26.

Also connected to control line 80 are column select
transistors 84 and 86 for applying the virtual ground
voltage potential supplied by the STP function/control
signal to column lines 50 and 58 of reference transistors
40, 42 and 44.

The column decode, CD, signal is applied to a data
transfer transistor 90 for passing data from memory
storage transistor 26 to a common data signal line, D1.
A data transfer transistor 93 passes data from bit line 19
to data line D1 if CD, goes to a high state. The CD
signal is applied to data transfer transistor 91 for passing
data from memory storage transistor 24 to a data signal
line D2. A column decode signal CDg is applied to
reference data transfer transistors 92, 94 and 96 for
passing data from reference transistor 40 via bit line 52
to a reference data signal line (RD 1); for transferring
data from reference transistor 42 via bit line 54 to a
reference data signal line (RD 2); and from reference
transistor 44 via bit line 56 to a reference data signal line
(RD 3). The presence of the column decode, CD, signal
causes data to be passed from a selected one of memory
storage transistors of the ROM array to a data line. The
CDg signal causes the transfer of data from all three
reference transistors 40, 42 and 44 associated with the
word line 16 of the selected memory storage transistor.

Data line D1 is precharged by a depletion transistor
98 which has the gate terminal thereof connected to
receive the PC signal, the drain terminal thereof con-
nected to V..and the source terminal thereof connected
to line D1. Data line D2 is precharged by a depletion
transistor 99 which has the gate terminal thereof con-
nected to receive the PC signal, the drain terminal
thereof connected to V. and the source terminal
thereof connected to line D2.

The presence of the column decode signal, CD, for
memory storage transistor 26 actuates data transfer
transistor 90, such that transistor 26, when actuated,
will apply an output along the data signal line, D1, to a
differential comparator 120. The column decode signal
CDr is applied to transistors 92, 94 and 96 which trans-
mit output signals along reference data signal lines RD
1, RD 2 and RD 3 to differential comparators 122, 124
and 126. The input to comparator 120 and inputs to
comparators 122, 124 and 126 from reference transistors
40, 42 and 44 are relatively slowly falling voltage signals
depending upon the voltage threshold of the memory
storage transistor and reference transistors actuated.

A first reference voltage for input to differential com-
parator 120 is generated by a voltage divider network,
generally identified by the numeral 130. Voltage divider
network 130 receives source voltage from voltage sup-
ply V. which is applied to a resistor 132. Voltage di-
vider network 130 further includes resistors 134 and 136
connected in series with resistor 132. The node between
resistors 132 and 134 provides an output reference voit-
age, VR1, which is applied to a first input terminal of
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comparator 120. The node formed between resistors
134 and 136 provides an output reference voltage, VRra,
which is applied to a first input terminal of each of the
comparators 122, 124 and 126 associated with reference
transistors 40, 42 and 44. Reference voltage 2, Vgy, 1s 5
lower in value than reference voltage 1, Vg1, such that
the trip point of comparators 122, 124 and 126 occurs
later in time, for a falling voltage, than that of compara-
tor 120. Voltage divider network 130 therefore pro-
vides two voltage levels for controlling and providing a 10
delay between actuation of the comparator 120 associ-
ated with an actuated memory storage transistor and the
actuation of comparators 122, 124 or 126 associated
with reference transistors 40, 42 or 44. The importance
of this delay will be further explained with referenoe to
FIGS. 2 and 3.

The output of comparator 120 generates a STATE
signal which 1s applied via line 140 to latch circuits 142,
144 and 146. The output of comparator 122 generates a
latch 1mtiate step 1 (LIS 1) signal which is applied to
latch 144 and fed back to the STP generator described
below. The output of comparator 124 generates a latch
initiate step 2 (LIS 2) signal, which is applied to latch
142 and fed- back to the STP generator. The output of
comparator 126 generates the latch initiate step 3 (LIS 25
J) signal which 1s applied to latch 146. The STATE
stignal and LIS 1, LIS 2 and LIS 3 signals are signals
varying in voltage from a high voltage to a low voltage.
Latches 142, 144 and 146 are latched by the STATE
signal going from a high to a low voltage when the 30
latches have not been prevmusly set.

The output L2 of latch 142 is applied to state decode
circuitry 150. The outputs L.1 and L3 respectively of
latches 144 and 146 are applied to state decode circuitry
152. The outputs L1, L2 and L3 are the latched states of 35
the corresponding latch input signals L.IS1, LIS2 and
LIS3. Each of the latches 142.144 and 146 is set by the
first of either the input LIS signal going low or the
STATE signal going low. The latches are reset at the
start of each memory cycle.

State decode circuitry 150 and 152 are composed of
combinational logic circuits for decoding the outputs
L1, L2, and L3 of latches 142, 144 and 146 to generate
a two bit code designated by the output 1 and output 2
signals, representing the voltage threshold level of a 45
selected memory storage transistor being accessed. The
state decoding for the four voltage threshold levels,
performed by state decode circuitry 150 and 152 to
generate the output 1 and output 2 signals, is shown in
Table 1 below. The high(H) and low (L) conditions are
shown for the initial conditions and each of four possi-
ble final conditions.

15

20

40

S0

TABLE 1

OUT- OUT- 5'5
STATE LI L2 L3 PUT PUT
INITIAL CONDITION  H H HH | 2
VOLTAGE
THRESHOLD
STI (VT1) L H H H L L
ST? (VT2) L L H H L H 60
ST3 (VT3) L L L H H H
ST4 (VT4) H L L L H L

The operation of the ROM circuit 18 shown in FIG.
1 1s now described in reference to FIGS. 24, 2b and 2¢. 65
In each of these figures the step control signal is marked
by the term STP. The step signal has three levels which
are marked by STP1, STP2 and STP3. The step control

6

signal serves as a virtual ground and is transmitted
through line 80. A word line signal 1s designated by
W/L and this signal is transmitted through line 16. The
comparator 120 generates the STATE signal and is
transmitted through line 140 to each of the latches 142,
144 and 146. |

The embodiment of the present invention illustrated
in FIGS. 1, 24, 2b and 2c¢ utilizes four threshold voltages
for the storage transistors. The four threshold voltages
are used such that two bits of data can be stored in each
memory storage transistor. F1GS. 2a, 20 and 2c repre-
sent the operation of circuit 10 for respectively a mem-
ory storage transistor having a VT1, VT2 and a VT3
threshold value. These threshold values are progres-
sively increasing and are, for example, 0.5, 1.5 and 3
volts respectively. The fourth state, VT4, is, for exam-
ple, 8 volts such that the memory storage transistor .
cannot be turned on in a system which has a V.. of 5.0
volts.

In the sequence of operation of circuit 10 the first step
comprises precharging the column and bit lines for each
of the storage and reference transistors. This i1s accom-
plished by the PC signal which is applied to line 75 to
activate the transistors 62, 64, 65, 66, 68, 70, 72 and 74.
This PC signal serves to connect the supply V. to the
lines 18, 19, 20, 21, 50, 52, 54, 56 and 58. The PC signal
then terminates leaving each of the column and bit lines
precharged to a high voltage level.

The step control signal is transmitted through line 80
where it is selectively applied to the source terminal of
one of the memory storage transistors by operation of a
column select transistor. The signal CD is derived from
the memory address applied to circuit 10. Only one of
the column select transistors corresponding to word
line 16 is activated during a memory cycle. If the mem-
ory address is directed to transistor 26, for example, a
column decode signal applied to the gate terminals of
transistors 82 and 90 will go high thereby rendering

~ these transistors conductive. The activation of transis-

tor 82 applies the control signal to the source terminal
of transistor 26. This pulls the source terminal of transis-
tor 26 to the STP1 level of the step control signal.
“At the time the memory address is decoded the col-
umn decode signal CDRgis generated whenever any one
of the memory storage transistors along line 16 is se-
lected. The signal CDpg is applied to the gate terminals
of transistors 84, 86, 92, 94 and 96. The activation of
transistors 84 and 86 applies the step control signal to
the source terminals of reference transistors 40, 42 and
44. |
In the next step of operation of circuit 10 a word line
signal is applied to the word line 16. The word line
signal transitions from a low to a high voltage level and
is generated in response to the memory address applied
to circuit 10. The word line signal serves to select all of
the memory storage transistors which are connected to
the word line 16. However, only one of the storage
transistors along line 16 will provide data to an output
data line D1 due to the activation of only one of the
column select and one of the data transfer transistors as
controlled by the signals CD. |
When any one of the storage or reference transistors
1s turned on the drain terminal of that transistor will be
discharged from its precharged level and pulled to the
level of the control signal applied to the source terminal
of the selected transistor. This drop 1n voltage level in

the bit line, such as line 20, is transmitted through a data

transfer transistor, such as transistor 90, to a data line
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such as D1. The data line D1 is connected to the nonin-
verting input of comparator 120. A similar discharge
action occurs for the drain terminals of each of the
reference transistors 40, 42 and 44. These falling voltage

levels are transmitted as signals RD1, RD2 and RD3.

Circuit 10 tllustrated in FIG. 1 utilizes a configuration
which has two output data lines. These are data lines D1
and D2. These data lines are connected to alternate
pairs of memory storage transistors. |

The operation of circuit 10 will be described in refer-
ence to addressing the memory storage transistor 26

which provides its data through transistor 90 to data

10

line D1. Each time the word line 16 is selected the

reference transistors 40, 42 and 44 will be sequentially
turned on to produce reference data signals, RD1, RD2

15

and RD3. The time relationship of the D1 signal to the

RD1, RD2 and RD3 signals is utilized to determine the
data state of the selected data storage transistor.

The step control signal applied through line 80 has
three voltage levels. The STP1 level is essentially V.-
V1, STP2 1s essentially V-V 3 and STP3 is essentially
ground.

When the STP1 level of the control signal is applied
to line 80 the selected memory storage transistor, such
as 26, will be turned on if transistor 26 is fabricated to
have a V7 threshold voltage. At the STP1 level the
gate-to-source voltage of transistor 26 is essentially
equal to the threshold voltage V7. This is more than
sufficient drive to turn on a V7 device, however, it is
insufficient to affirmatively turn on a V3 device.

Fach of the comparators 120, 122, 124 and 126 re-
ceives a reference voltage. A first reference voltage,
VR1, 1s provided to the comparator 120. A lower refer-
ence voltage, Vga, is provided to the inverting inputs of
comparators 122, 124 and 126. Each of the comparators
has a normally high output level but the output is driven
to a low state when the data input provided to the non-
inverting terminal becomes less than the corresponding
reference voltage applied to the inverting terminal. The
comparators 120, 122, 124 and 126 have high gain and
therefore produce a sharp output transition. The output
transition for comparator 120 is designated the STATE
signal on line 140. The outputs of comparators 122, 124
and 126 are designated respectively as LIS 1, LIS 2 and
LIS 3. The LIS signals together with the corresponding
state signals are shown in FIGS. 24, 2b and 2c.

Note that a lower reference voltage is applied to the
reference comparators 122, 124 and 126. The lower
reference voltage provides a time delay for the transi-
tton of the output from the comparator in reference to
the data comparator 120 for similar threshold voltage
transistors. Thus, when a selected memory storage tran-
sistor has the same threshold voltage as the reference
transistor, the transition of the output of the reference
comparator will occur at a later time from the transition
of the output of the data comparator. This is shown in
FIGS. 24, 2b and 2¢ where the LIS signal is delayed
from the corresponding STATE signal. ~

FIGS. 24, 2b and 2¢ will now be described in detail
for memory storage transistors having respective VT1,
VT2 and VT3 threshold voltages. Referring to FIG. 2a
for the example of transistor 26 having a reference
threshold of VT1. Since the control step signal is at the

STP1 level the transistor 26 will be turned on as soon as

the word line reaches a sufficiently high voltage level.
When transistor 26 turns on, the bit line 20 will be dis-
charged thereby providing a falling input to the com-
parator 120. When this input falls to below the reference
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voltage Vg1 the STATE output signal of comparator
120, shown as line 160, will go from V. to approxi-
mately ground. This is termed the STATE 1 signal
which corresponds to a storage transistor having a VT1
threshold voltage.

For the described embodiment in circuit 10 the refer-

ence data transistors 40, 42 and 44 have respective

threshold voltages of VT1, VT2 and VT3. Since tran-
sistor 40 receives the same word line and step control

signal it likewise will be turned on under the conditions
shown in FIG. 2a. However, it is possible that the sig-
nals applied to transistor 40 will be delayed from those
applied to transistor 26 due to the resistence and com-
pacitance of the word line 16 and the control signal line
80. The sensing circuit of the present invention, how-
ever, functions no matter what delay is encountered
along the word line. Transistor 40 is typically fabricated
at the end of word line 16 such that when transistor 40
1s turned on it is assured that the word line 16 has been
driven to a sufficiently high voltage. When transistor 40
is turned on the LIS 1 signal, shown as line 162 in FIG.
2a, transitions from a high to a low level. The transition
of the LIS 1 signal, as described below, serves to cause
the generation of the STP2 level of the step control
signal.

Referring now to FIG. 2b for the case of the memory
storage transistor 26 having a VT2 threshold. As the
STP2 level 1s applied to the source terminal of transistor
26 its threshold voltage is exceeded thereby turning on
the transistor and discharging the bit line 20. This dis-
charge is detected by the data comparator 120 to pro-
duce the STATE 2 signal which is shown as line 166 in
FI1G. 2b. The reference transistor 42, which has a VT2
level 1s likewise turned on thereby generating the LIS 2
signal shown as line 168. Note that due to the different
reference voltages provided to the comparators 120 and
124 the LIS 2 signal is time delayed from that of the
STATE 2 signal.

Referring now to FIG. 2¢ there 1s shown the example
of the storage transistor 26 having a VT3 threshold
voltage. The step control signal generates the STP 3
level in response to the LIS 2 signal as described below.
As the step control signal goes to essentially ground the
transistor 26, with. a VT3 threshold, will be turned on
thereby discharging the bit line 20 and causing the gen-
eration of the STATE 3 signal which is shown as line
172 1n FI1G. 2¢. The reference transistor 44 will likewise
be turned on to produce a transition of the signal RD3
which in turn produces the signal LIS 3, shown as line

174. Again, note the time delay between the STATE 3
and LIS 3 signals. -

For a memory storage transistor which has VT4
threshold voltage there will be no discharge of the bit
line. Thus, the STATE 4 signal is a constani signal

‘which stays at V.., as shown in FIG. 2¢. There is no

corresponding reference data transistor having a VT4
level.

Referring now to FIG. 3 there is illustrated the rela-
tionship of the data signals, reference data signals,
STATE signals and LIS signals. The data signals are
shown as lines 180, 186 and 192 which correspond re-
spectively to memory storage transistors having VT1,
VT2 and VT3 threshold voltages. The data signal for a
V14 threshold voltage is constant at V... The reference
data signals from the reference transistors are shown as
lines 184, 190 and 196. For this example there is assumed
to be no delay along the word and control signal lines
thus the transitions for the memory storage and refer-
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ence transistors occur at the same time. This situation
occurs when the memory storage transistor is adjacent
to the reference transistor. Note that the Vg1 reference
voltage exceeds the VR reference voltage thus the
outputs of the comparators occur at offset times. The
time staggering of the transitions of the reference data
outputs provides time windows into which the memory
storage transistor outputs can fall. By use of the feed-
back circuitry described below the output of each of the
reference data comparators does not fall until the stor-
age transistor has been given a full opportunity to turn
on. Thus, the circuit 10 operates at a very high speed
while guaranteeing that no storage transistor that
should turn on will be missed.

Since the reference and storage transistors are fabri-
cated on the same integrated circuit chip there will be a
uniformity between the corresponding threshold volt-
ages despite the fact that processing variations may shift
the absolute levels of the threshold voltages from one
integrated circuit to another. Thus the circuit of the
present invention provides a method for essentially
overcoming fabrication flucuations while maintaining a
maximum speed operating circuit.

Referring further to FIG. 1 during each memory
access cycle the states of the reference data compara-
tors 122, 124 and 126 will be progressively and sequen-
tially changed. These changing states are input respec-
tively to latches 142, 144 and 146. As each LIS signal
goes from a high to a low voltage it latches the corre-
sponding latch to have a low level output. The STATE
signal from the data comparator 120 also serves to latch
the LIS 1, LIS 2 and LIS 3 signals which have not gone
to a low voltage level at the time that the memory
storage transistor is turned on. Thus, the data state of
the selected memory storage transistor is determined by
the condition of the reference data transistors when the
memory storage transistor is turned on or when all of
the reference transistors are turned on.

The state decode circuits 150 and 152 are connected

to the outputs of latches 142, 144 and 146 to generate an 40

output signal comprising output 1 and output 2. These
bi-level output signals correspond to the data state of
the selected memory storage transistor. The logical
operation of the latches and state decode circuits are
described in Table 1.

The latches and state decode circuits are described in
further schematic detail in FIGS. 6 and 7. |

For the case of the memory storage transistor having
a VT4 threshold the STATE signal on line 140 will
never go low to set the latches 142, 144 and 146. Fach
of the latches will be sequentially latched at a low volt-
age level as each of the LIS signals transitions from a
high to a low level. A VT4 threshold thus corresponds
to the condition in which all three latches are latched at
a low voltage level.

The step control signal transmitted through line 80
and shown in FIGS. 24, 2b and 2¢, is generated by a step
function generator circuit 200 illustrated in FIG. 4. The
LIS 1 signal is input to the gate terminals of transistors
202 and 204 while the LIS 2 signal is input to the gate
terminals of transistors 206 and 208. Transistors 202 and
204 fabricated to have a VT2 threshold voltage and the

transistors 206 and 208 are fabricated to have a VT3

threshold voltage. |
The source terminals of transistors 202, 204, 206 and
208 are connected to line 80 which serves as an output

node to transmit the step control signal. The drain ter-
minals of transistors 202 and 206 are connected to a
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node 211. Node 211 is further connected to the gate and
source terminals of a heavily depleted transistor 210
which has the drain terminal thereof connected to the
power supply V.. |

Node 211 is further connected to the gate terminal of
a transistor 212 which has the drain terminal connected
to line 80 and the source terminal thereof grounded.

An inverted LIS 1 signal is input to the gate terminal
of a transistor 214 which has the drain terminal con-
nected to line 80 and the source terminal thereof
grounded.

An inverted LIS 2 signal is input to the gate terminal
of a transistor 216 which has the drain terminal con-
nected to line 80 and the source terminal thereof
grounded.

Representative waveforms showing the operation of
the step function generator circuit 200 are illustrated in
FIG. 5. Operation of the step function generator circuit

1s now described in reference to FIGS. 4 and 5. In the

initial condition the signals LIS 1 and LIS 2 are at a high
voltage state. High voltage states applied to the gate

‘terminals of transistors 204 and 208 serves to turn on

transistor 204 since it has a lower threshold voltage.
The line 80 is then clamped at essentially 'V -VT2. The
transistor 208 is not turned on under this condition since
its gate-to-source voltage remains less than its threshold
voltage. -

Transistor 202 is likewise turned on which pulls node
211 to the same voltage state as line 80. Transistor 206
Is not turned on since it has a greater threshold voltage
than that of transistor 202. These conditions are shown
in the waveforms illustrated in FIG. 5.

‘Transistor 212 is sized such that with the STP1 volt-
age at control node 211 applied to the gate terminal
thereof it will draw a current from line 80 sufficient to
discharge the selected column line thereby turning on
the memory cell if it has the corresponding threshold
voltage. |

In the initial condition the LIS 1 and LIS 2 signals are
low thereby turning off transistors 214 and 216.

Transistor 210 forms with transistor 202, a first in-
verter circuit which is tripped when the gate-to-source
voltage of transistor 202 reaches VT2. Likewise, tran-
sistor 210 forms with transistor 206 a second inverter
which is tripped when the gate-to-source voltage of
transistor 206 reaches VT3. These trip points are estab-
lished by the size of transistor 210 relative to transistor
202 and 206. When the LIS 1 signal transitions from a
high to a low state the transistors 202 and 204 will be
turned off. As transistor 202 is turned off the node 211
will be pulled high by transistor 210. As node 211 goes
to a higher voltage state a greter drive is applied to the
gate terminal of transistor 212. This serves to turn on
transistor 212 harder which in turn pulls down the volt-
age at line 80. As the voltage at line 80 falls the transis-
tor 206 will be turned on when the gate-to-source volt-
age of 206 reaches VT3 which will then pull down node
211 to the voltage of line 80. This action is illustrated in
FIG. 5. Note that the voltage of node 211 rises from
STP1 to essentially V. and is then pulled down to the
level of STP2. The line 80 is then clamped at the STP2
level due to the turn on of transistor 208. The STP2
voltage is essentially V .-VT3. |

As the signal LIS 1 goes low its inverse goes high
thereby turning on transistor 214. The transistor 214 is
fabricated to be a size which provides a current drain
from line 80. The size of transistor 214 is adjusted to
provide a slight additional turn on voltage to the STP2
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level of the step control signal. This is an adjustable
parameter as determined by the size of the transistor
214. |

When the LIS 2 signal transitions from a high to a
low voltage state the transistor 206 is turned off thereby
permitting transistor 210 to pull node 211 to a high
voltage. The high voltage level at node 211 serves to
turn on transistor 212 which pulls line 80 essentially to
ground, which is the STP3 level of the step control
signal. The ultimate voltage level of STP3 is determined
by transistor 216 which is turned on when the LIS 2
signal goes to a high level. The transistor 216 further
serves to pull node 80 to a low voltage state.

As can be seen in reference to FIGS. 4 and 3 the step
function circuit 200 provides calibrated voltagestep

10

15

levels which are generated in response to two indepen-

dent input signals, LIS 1 and LIS 2. The step function
circuit 200 thus operates as a feedback circuit for pro-
viding the step control signal to the ROM circuit 10.

The step function circuit 200 is particularly signifi-
cant in that it provides an accurate tracking of threshold
voltages despite the phenomenon known as body effect.
Body effect causes the threshoid voltage of a transistor
to vary as a function of the voltage at the source termi-
nal. The circuit 200 provides voltage step levels which
track with the threshold voltages of the memory stor-
age transistors shown in FIG. 1. This tracking provides
independence of the ROM circuit from fabrication vari-
ations.

Referring now to FIG. 6 there is shown a specific
logic embodiment of the latch circuits 142, 144 and 146
together with the state decoders 150 and 152 illustrated
in FIG. 1. The LIS 1 signal is provided as a first input
to a NOR gate 240. The output of gate 240 is connected
as a first input to a NOR gate 242. The output of gate
242 is also connected to provide a second 1nput to gate
240. The STATE signal on line 140 provides a second
input to gate 242.

The LIS 2 signal provides a first input to a NOR gate
244. The output of gate 244 is provided as a first input
to a NOR gate 246. The output of gate 246 is connected
to provide the second input to gate 244 and is connected
to provide the output 1 signal. The STATE signal on
line 140 provides a second input to gate 246.

The LIS 3 signal provides a first input to a NOR gate
248 which has the output thereof connected as a first
input to a NOR gate 250 and further as an input to a
NOR gate 252. The output of gate 250 is connected to
provide a second input to gate 248. The STATE signal
is provided as the second input to gate 250.

The NOR gate 252 has the output of gate 242 pro-
vided as the second input to produce the OUTPUT 2
signal. |

The gates 240 and 242 together correspond to the
latch 144. The gates 244 and 246 correspond to the latch
142 and the gates 248 and 250 correspond to the latch
146. The state decode circuit 150 in this particular em-
bodiment is a straight through path. The state decode
circuit 152 comprises the NOR gate 252.

Another detailed embodiment of the latches 142, 144
and 146 shown in FIG. 1 is illustrated in FIG. 7. The
STATE signal on line 149 is provided to the D inputs of
D-type flip-flops 260, 262 and 264. The LIS 1 signal 1s
input to the clock terminal of flip-flop 260. The LIS 2
signal is input to the clock terminal of flip-flop 262. The
LIS 3 signal is input to the clock terminal of flip-flop
264. A group of outputs L1, L2 and 1.3 are produced
respectively at the ngutputs of flip-flops 260, 262 and
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264. The logic signals L1, L2 and L3 are mput to the
STATE decode circuits 150 and 152 which 1n turn
produce the output signals 1 and 2.

In summary, the ROM circuit of the present inven-
tion makes possible the utilization of multi-bit memory
storage transistors which can be sensed and decoded
with high speed and reliability.

Although one embodiment of the present invention
has been illustrated in the accompanying drawings and
described in the foregoing detailed description, it will
be understood that the invention is not limited to the
embodiment disclosed, but is capable of numerous rear-
rangements, modifications and substitutions without
departing from the scope of the invention.

I claim:

1. A read only memory (ROM) circuit, comprising:

a word line;

a plurality of storage transistors having the control
terminals thereof connected to said word line, each
of said storage transistors having one of a plurality
of threshold voltages wherein said threshold volt-
ages correspond to respective predetermined data
states;

a plurality of reference transistors having the control
terminals thereof connected to said word line, each
of said reference transistors having one of said
threshold voltages; |

means for driving each of said transistors to an initial
condition;

means for generating a control signal which is apphied
to each of said transistors for sequentially driving a
plurality of said transistors from said initial condi-
tion to a final condition in an order corresponding
to the threshold voltages of said transistors;

means for determining the condition, initial or final,
of said reference transistors when a selected one of
said storage transistors is driven from said initial
condition to said final condition; and

means for decoding the condition, initial or final,
determined for said reference transistors when said
selected storage transistor is driven to said final
condition to generate an output signal correspond-
ing to the data state of said selected storage transis-
tor.

2. The ROM circuit recited in claim 1 including an

additional storage transistor having a threshold suffi-
ciently high such that said additional storage transistor

cannot be driven to said final condition.

3. The ROM circuit recited in claim 1 wherein said
means for generating a control signal functions in re-
sponse to changes in condition of said reference transis-
tors to generate said control signal having a plurality of
sequential voltage steps.

4. The ROM circuit recited in claim 3 wherein each
of said sequential voltage steps corresponds to one of
said threshold voltages.

5. The ROM circuit recited in claim 1 including
means for delaying the operation of said means for de-
termining the state of said reference transistors relative
to the change in condition of said selected storage tran-
sistor. |

6. The ROM circuit recited in claim 1 wherein said
reference transistors are positioned at one end of said
word line.

7. A read only memory (ROM) circuit, comprising:

a word line;

a plurality of data storage transistors having the gate

terminals thereof connected to said word line, each
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of said storage transistors having one of a plurality
of threshold voltages wherein each said threshold
voltage corresponds to a respective predetermined
data state; -
a plurality of reference transistors having the gate
terminals thereof connected to said word line, each
of said reference transistors fabricated to have a
different one of said threshold voltages;
means for precharging the source and drain nodes of
said transistors: . |
means for driving said word line from a first voltage
state- to a second voltage state; o
means for applying a control signal to a first of the
source and drain terminals of said transistors
wherein said control signal comprises a series of
voltage steps which sequentially increase the con-
- trol voltage applied to turn on said transistors, said
control signal causing said reference transistors to
be sequentially turned on in order of the threshold
voltages of said reference transistors;
means for determining the on/off states of said refer-
ence transistors when a selected one of said data
storage transistors is turned on to produce an out-
put signal corresponding to the predetermined data
state for said selected storage transistor.
' 8. The ROM circuit recited in claim 7 wherein each
of said data storage transistors are fabricated to have
“one of four threshold voltages thereby storing two data
bits per storage transistor and wherein there are three of
said reference transistors for each of said word lines,
each one of said reference transistors on said word line
having a different one of three of said four threshold
voltages. | |

9. The ROM circuit recited in claim 7 wh‘ereili said
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step signal has three step voltages comprising a first step

voltage having an amplitude to render conductive the
ones of said transistors having a first of said four thresh-
old voltages, a second voltage step having an amplitude
to render conductive the ones of said transistors having
the first and a second of said four threshold voltages,
and a third voltage step having an amplitude to render
- conductive the ones of said transistors having the first,
the second and a third of said four threshold voltages.

10. The ROM circuit recited in claim 7 wherein said
means for determining comprises a group of three
latches connected to receive signals which indicate
respectively the states of said reference transistors, said
latches set when said selected storage transistor is
turned on or the corresponding reference transistor is
turned on, and means for decoding the states of said
latches when set to produce an output signal which
indicates the condition of said selected storage transis-
tor.

11. The ROM circuit_récited-in _d]aim 7 wherein said

erate said control signal in response to the sequential
turn-on of said reference transistors.

12. The ROM circuit recited in claim 7 including
means for time delaying the indication of turn-on of
each of said reference transistors in relation to a one of
said storage transistors having the same threshold volt-
age.

13. A read only memory (ROM) circuit, comprising:

a word line;

a plurality of data storage transistors having the gate

terminals thereof connected to said word line, each
of said storage transistors having one of four
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threshold voltages wherein each of said threshold
voltages corresponds to a data state;

a group of three reference transistors having the gate
terminals thereof connected to said word line, each
of said reference transistor having a different one of
said threshold voltages; |

circuit means for precharging the source and drain
terminals for said transistors: |

a control signal line for said transistors;

a data line corresponding to said storage transistors:

a plurality of column select transistors each con-
‘nected between said control signal line and the
source terminal for a respective one of said transis-
tors for selectively connecting the corresponding
transistor to said control signal line in response to a
memory address signal;

a plurality of data transfer transistors each connected
between said data line and the drain terminal for a
respective one of said storage transistors for selec-
tively connecting. the corresponding storage tran-
sistor to.said data line in response to a memory
address signal;

a reference data transistor for each of said reference
transistors, each reference data transistor having

the drain terminal thereof connected to the drain
terminal of a respective one of said reference tran-
sistors, the gate terminals of said. reference data
transistors connected to receive a memory address
signal;

~a first comparator havi'hg a first input thereof con-

nected to said data line and a second input thereof
connected to receive a first reference voltage;

a second comparator having a first input thereof con-
nected to the source terminal of a first of said refer-
ence data transistors and a second input thereof

- connected to receive a second reference voltage;

a third comparator having a first terminal thereof
connected to the source terminal of a second of
said reference data transistors and a second termi-
nal thereof connected to receive said second refer-
ence voltage; | |

- a fourth comparator having a first input thereof con-

nected to the source terminal of a third of said
reference data transistors and a second input

thereof connected to receive said second reference
voltage;

- a first latch which is set by the output signal from said

first comparator or by the output signal from said
second comparator to latch the state of the output
signal received from said second comparator:;

a second latch which is set by the output signal from

said first comparator or by the output signal from
said third comparator to latch the state of the out-
put signal received from said third comparator;

a third latch which is set by the output signal from

- said first comparator or by the output signal re-
ceived from said fourth comparator to latch the
‘state of the output signal received from said fourth
comparator;

a control signal circuit for generating a multi-step
control signal which is transmitted through said
control line to said transistors following receipt of
a word line signal on said word line, said control
signal having a first voltage step for rendering
conductive the ones of said transistors having a
first of said threshold voltages, a second voltage
step for rendering conductive the ones of said tran-
sistors having the first and a second of said voltage
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thresholds and a third voltage step for rendering
conductive the ones of said transistors have the
first, the second and a third of said voltage thresh-
olds, said second and third voltage steps generated
in response to the output signals from said second >
and said third comparators; and

circuit means connected to decode the output of said

latches for generating an output signal which cor-
responds to the data state of an addressed one of

said storage transistors.

14. A method of operation for a read only memory
(ROM) circuit, comprising the steps of:

driving a plurality of data storage transistors to an

initial condition wherein each of said storage tran-
sistors has one of a plurality of threshold voltages,
each threshold voltage corresponding to a data
state;
driving a plurality of reference transistors to said
initial condition wherein each of said reference
transistors has a different one of sald threshold
voltages; |
applying a control signal to each of sald transistors to
sequentially drive a plurality of said transistors
from said initial condition to a final condition in an
order which is a function of the threshold voltages
of said transistors; SR
determining the condition, initial or final, for each of
said reference transistor when a selected one of said
storage transistors is dr’iveﬁ to 'said' ﬁnal condition; 30
o ) . :
generating an output 51gnal correspondlng to the data
~ state of said selected storage transistor in response
- to the determined condltlons for ~said reference
transistors.

15. The method recited in clalm 14 wherem said con-
trol signal is generated in response to a.change of condi-
tion of said reference transistors. |

16. The method recited in claim 14 wherem predeter-
mined ones of said data storage transistors having a
selected one of said threshold voltages are not driven to
said final state by said control signal said predetermined
ones of said data storage transistors decoded after all of
said reference transistors have been driven to said final 45
condition. |

17. The method recited in claim 14 wherein said tran-
sistors in said initial condition are turned off-and said
transistors in said final condition are turned on.

18. The method recited in claim 14 wherein the step sg
of applying a control signal to each of said transistors
comprises applying a stepwise increasing gate to source
voltage to said transistors wherein each voltage step of
said control signal is a function of said threshold volt-
ages.

19. The method recited in claim 14 1nc1ud1ng the step
of delaying the indication of change in condition for
each of said reference transistors. '

15

20

25

35

33

60

635

16

 20. A method of operation for a read only memory
(ROM) comprising the steps of:
precharging the source and drain terminals for each
of a plurality of data storage transistors and each of
a group of reference transistors to drive each of
said transistors to an off condition wherein each of
said storage transistors has one of a plurality of
threshold voltages, each threshold voltage corre-

sponding to a data state, each of said reference
transistors having a different one of said threshold

voltages;
applying a word line signal through a common word
line to the control terminals for each of said transis-
tors;
applying a stepwise control signal to the source ter-
minals of said transistors to sequentially increase
the gate-to-source voltage of said transistors, each
voltage step of said control signal being a function
of said threshold voltages, said control signal se-
quentially driving a plurality of said transistors to
an on condition in an order corresponding to said
~ threshold voltages;
decoding an address signal to connect the drain ter-
minal of a selected one of said storage transistors to
a data line;
decoding sald address signal to connect each of the
drain terminals of said reference transistors to a
. rESpectwe reference data line; |
comparing the voltage on said data line with a first
reference voltage to produce a data state signal
which is a function of the condition of the selected
~ storage transistor;
comparing the voltages on each of said reference data
lines with a second reference voltage to produce a
- reference data state signal for each of said refer-
ence transistors; |
latching each of said reference data signals when the
reference data signal makes a transition indicating
that the corresponding reference transistor has
been turned on;
latching each of said reference data signals upon a
transition of said data state signal indicating that
the selected one of said storage transistor has been
~ turned on by said control signal; and
decoding the latched reference data signals to gener-
ate an output signal corresponding to the data state
of said selected storage transistor. |
21. The method recited in claim 20 wherein said first
and second reference voltages are different thereby
time offsetting the transition of said data state signal and
said reference data signal for corresponding one of said
storage and reference transmtors having the same
threshold voltage.
22. The method recited in claim 20 wherein at least
one of the voltage steps of said control signal are gener-
ated in response to a transition of one of said reference

data state signals.
* ¥ % * *
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